The involvement of GABA in neuronal differentiation and maturation precedes its role as inhibitory neurotransmitter in the brain. It was therefore investigated whether GABA, receptors mediating the actions of GABA in neonatal and adult brain can be distinguished by their molecular structure and cellular location. lmmunohistochemistry with subunitspecific antibodies was employed to analyze changes in the distribution of GABA,-receptor subunits during postnatal development.
In particular, subunit association patterns, as evidenced by colocaliration of subunits within individual neurons, were analyzed by confocal laser microscopy.
The subunits analyzed include the al-and a2-subunits, which are associated with pharmacologically distinct GABA,-receptor subtypes, and the @2,3-subunits, which are a major constituent of GABA, receptors in both immature and adult rat brain. Each of these subunits exhibited age-dependent changes in their distribution, indicative of a differential maturation process. The al -subunit immunoreactivity (-IR) was low at birth, restricted to a few areas, and increased dramatically during the first postnatal weeks. By contrast, the aP-subunit44 displayed a widespread distribution throughout the brain at birth, and disappeared from numerous areas soon after the appearance of the al-subunit. Although GABA is the major inhibitory neurotransmitter in the adult brain, it is expressed early in fetal life, well before the onset of synaptogenesis (Lauder et al., 1986; Van Eden et al., 1989; Cobas et al., 1991; Ma et al., 1992; Fiszman et al., 1993) , being present in both neurons and fiber tracts (Lauder et al., 1986) and released from growth cones in vivo (Taylor and Gordon-weeks, 1989; Taylor et al., 1990) . GABA, receptors are also abundant in the prenatal brain, as demonstrated autoradiographically by the existence of benzodiazepine radioligand binding sites (Schlumpf et al., 1983; Shaw et al., 1991) , histochemically by the expression of subunit mRNAs (MacLennan et al., 1991; Zhang et al., 1991; Laurie et al., 1992; Poulter et al., 1992 Poulter et al., , 1993 and receptor epitopes (Huntley et al., 1990; Cobas et al., 199 1; Meinecke and Rakic, 1992) , and biochemically by the GABA-dependent gating of chloride channels (Kellogg and Pleger, 1989) . A neurotrophic role has been proposed for GABA (Chronwall and Wolff, 1980; Lauder et al., 1986; Ma et al., 1992; Behar et al., 1993) based on its ability to modulate the differentiation and maturation of neurons in vitro and in vivo (Meier and Jorgensen, 1986; Meier et al., 1987; Spoerri, 1988; Belhage et al., 1990; Barbin et al., 1993; see Meier et al., 199 1, for review) . Immature neurons are depolarized by GABA (Fiszman et al., 1990 (Fiszman et al., , 1993 Cherubini et al., 1991) , resulting frequently in an influx of Ca2+ (Yuste and Katz, 1993) . These observations suggest that GABA, receptors expressed pre-and perinatally mediate nonsynaptic actions of GABA in contrast to receptors expressed in the adult brain. In view of the structural diversity of GABA, receptors (for review, see Mohler et al., 1990; Olsen and Tobin, 1990; Seeburg et al., 1990; Doble and Martin, 1992) , changes in receptor function during ontogeny are likely to be based on alterations of their molecular structure. In particular, the variations in preponderance of benzodiazepine type I (BZ I) and type II (BZ II) binding sites during ontogeny (Candy and Martin, 1979; Lippa et al., 1981; Chisholm et al., 1983) point to alterations in the expression of a-subunits. BZ I binding sites correspond to receptors containing the al -subunit, whereas BZ II sites are a heterogeneous population arising from receptors containing the 012-, a3-, or &-subunit (Pritchett et al., 1989a; Pritchett and Seeburg, 1990; McKeman et al., 1991b; Zezula and Sieghart, 199 1; Doble and Martin, 1992; Mohler et al., 1992; Marksitzer et al., 1993) . The subunits ~yl and cu2, being representative for the BZ I and BZ II binding sites, were therefore chosen to monitor a potential switch in GABA,-receptor expression during ontogeny.
Since synaptogenesis, and notably the formation of inhibitory synapses, takes place mostly postnatally in rat brain (Blue and Pamavelas, 1983a; Miller, 1986; Kageyama and Robertson, 1993) GABA,-receptor expression was analyzed immunohistochemically between birth (PO) and adulthood. The distribution of the cul-and Lu2-subunits was compared to that of the @2,3-subunits, which are widely distributed in both neonatal and adult brain (Schoch et al., 1985; Richards et al., 1987; Benke et al., 1991b; Cobas et al., 1991) . This study was expected to provide evidence for changes in GABA,-receptor subunit composition of individual neurons during ontogeny.
Materials and Methods
Subunit-specific antisera raised against synthetic peptides derived from the (Al-and cy2-subunit cDNA sequences (a 1 -subunit residues l-l 6; (~2-subunit residues l-9) (see Benke et al., 199 la,b, Gao et al., 1993; Marksitzer et al., 1993, for characterization) and the monoclonal antibody bd-17 (Schoch et al., 1985) recognizing both the p2-and @3-subunits (Ewert et al., 1990) were used as primary antibodies. The cu2-subunit antibody was purified on a peptide affinity matrix, as described in Benke et al. (1991b) .
Tissue preparation. Sprague-Dawley rats aged 0, 1, 2, 4, 6, 10, 14, 20, and 28 d and adults (>60 d) were anesthetized with chloral hydrate and perfused through the ascending aorta with ice-cold phosphate-buffered saline (PBS) followed by a solution of 0.15 M phosphate buffer (pH 7.4) containing 4% paraformaldehyde and 15% of a saturated solution of picric acid (Somogyi and Takagi, 1982) . Brains were removed immediately after the perfusion, postfixed for 2 hr (adults) and 24 hr (juveniles) and stored at 4°C in 10% dimethylsulfoxide in PBS for cryoprotection. Parasagittal sections were cut from frozen blocks with a sliding. microtome and collected in PBS. The thickness of the sections varied between 40 pm for adult tissue and 70 pm for neonatal tissue.
Immunohistochemistry. For immunoperoxidase staining, sections were incubated free-floating for 18 hr at 4°C with primary antibodies diluted in PBS with 2% normal rat serum, 2% normal goat serum and 0.2% Triton X-100. The following dilutions were used: (Y 1 -subunit antiserum, 1:20,000; affinity-purified cu2-subunit antiserum, 0.3 &ml; bd-17, 1: 10,000. For sections from neonatal brains, the incubation in primary antibodies was limited to 3 hr at room temperature. Sections were then processed for the avidin-biotin method of Hsu et al. (1981) using Vectastain Elite kits (Vector Laboratories) and diaminobenzidine hydrochloride as chromogen. Secondary antibodies were also diluted in PBS containing 2% rat serum and 2% goat serum to prevent nonspecific binding, in particular in sections from neonatal rats. Following the staining procedure, sections were mounted onto gelatin-coated slides, air dried, dehydrated and coverslipped out of xylene. The distribution of the al-, a2-, and fl2,3-subunit immunoreactivity (-IR) was analyzed in bright field microscopy and photographed with Kodak Tmax 100 films. Adjacent sections were Nissl-stained with cresyl violet for cytoarchitectonic reference.
The Journal of Neuroscience, September 1994, 74(9) 5303 For double immunofluorescence staining, sections were incubated in a mixture of two primary antibodies diluted in PBS &l-subunit antiserum, 1:3000; affinity-purified cu2-subunit antibody, 0.5 &ml; bd-17, 1:2000) with 2% normal rat serum and 0.2% Triton X-100. Sections were then washed with PBS and incubated for 1 hr at room temperature with a mixture of secondary antibodies (Jackson Immunoresearch) coupled to DTAF (1: 100) and to Cy3 (1:200) , diluted in PBS with 2% normal rat serum and 2% normal goat serum. Sections were mounted onto gelatin-coated slides, air dried and coverslipped with buffered glycerol. Colocalization of subunits @l/012, (rl/@2,3, cr2/@2,3) was analyzed by confocal laser microscopy (Bio-Rad, MRC600), using a dual channel illumination for simultaneous recording of the images corresponding to each fluorochrome.
The addition of rat serum to the incubation buffers resulted in a significant reduction of background staining as compared to other blocking sera. Controls for specificity were performed by replacing the primary antibodies with nonimmune serum, or by preincubating the al-and Lu2-subunit antisera with increasing concentrations of their respective peptide-antigen (l-10 &ml). In addition, the absence of cross-reactivity between the secondary antibodies in the double-staining experiments was verified by omitting one of the primary antibodies during the overnight incubation.
Results
D&erential postnatal maturation of the cul-, (r2-, and /32,3-subunit immunoreactivities in neonatal brain Changes in the distribution of the GABA,-receptor oil-, (u2-, and P2,3-subunits were analyzed between birth (PO) and adulthood in sections processed for immunoperoxidase staining. Each of these subunits exhibited a different maturation pattern, as evidenced by age-dependent changes in their distribution throughout the brain (Figs. l-3 ). The cx 1 -subunit immunoreactivity (-IR) was low at birth in major brain areas, such as neocortex, hippocampus, thalamus, and cerebellum. It increased gradually thereafter with striking regional differences in the onset of expression, reflected by sharp boundaries between stained and unstained areas (Fig. 1) . Such boundaries were particularly prominent in neonatal animals between the subiculum and hippocampus and between the pretectal area and the thalamus (Fig.  1) . Even more striking was the area-specific maturation of the all-subunit-IR in neocortex, with staining of primary somatosensory and visual cortex preceding by several days that in association areas (Fig. 1) . At 3 weeks of age, the (Y 1 -subunit-IR revealed a widespread and prominent expression of this subunit in most brain areas (Fig. 1 ). An essentially opposite maturation pattern was found for the a2-subunit-IR, being widespread and intense at birth, but restricted to some forebrain areas at P20, including neocortex, hippocampus, striatum and olfactory bulb (Fig. 2) . This reduction resulted from a gradual disappearance of the ol2-subunit-IR during the first two postnatal weeks, as Figure 1 . Region-specific increase in al-subunit-IR during postnatal development, as visualized in parasagittal sections processed for immunoperoxidase staining. At birth (PO), most of forebrain was devoid of staining, in contrast to the brainstem and mesencephalon, which appeared moderately to intensely stained. In cerebral cortex, a faint (Y 1 -subunit-IR delineated the presumptive boundaries of primary sensory (S1) and visual cortex (VI) (arrowheads). At P4, a substantial increase in Cal-subunit-IR staining was evident throughout the brain, except in thalamus and striatum, which remained largely devoid of staining. In cerebral cortex, intense staining was mostly restricted to layers III-IV of primary sensory areas arrowheads). In cerebellum, the cul-subunit-IR was confined to the Purkinje cell layer at this age (arrow). At P20, a widespread and intense alsubunit-IR decorated most brain areas, forming a pattern similar to that seen in the adult. Note in particular the prominent staining of thalamus and cerebellum, and the decrease in 011 -subunit-IR in the spinal trigeminal nucleus (open arrow), as compared to P4. Scale bars, 1 mm. Figure 2 . Region-specific decrease in cY2-subunit-IR during postnatal development, as visualized in parasagittal sections processed for immunoperoxidase staining. At birth (PO), an intense and widespread staining was seen throughout most of the brain, except in the deep cortical layers and reticular nucleus of the thalamus. At P4, a decrease in a2-subunit-IR was evident, notably in the subthalamic area, mesencephalon, and pons. By contrast, the thalamus and pallidum remained intensely stained. At P20, a further reduction was observed and the a2-subunit-IR was mostly confined to telencephalic areas, including olfactory bulb, striatum, cerebral cortex, and hippocampus. In addition, staining for the cr2-subunit was apparent in brainstem motor nuclei, spinal trigeminal nucleus, and molecular layer of the cerebellum. Arrowheads in each panel point to regions (reticular nucleus of the thalamus and superior olivary complex) that remain devoid of a2-subunit during development. Scale bars, 1 mm.
seen in pallidum, thalamus, substantia nigra, tectum, deep cerebellar nuclei, and brainstem reticular formation. Nevertheless, the cu2-subunit-IR increased during development in certain forebrain areas, reaching high levels of expression in the adult (Fig.  2 ). In contrast, the /32,3-subunits, covisualized with the monoclonal antibody bd-17, displayed a ubiquitous distribution in both neonatal and adult brain, roughly equivalent to the global distribution of the (Al-and a2-subunits (Fig. 3) . Only a few changes in the distribution ofthe P2,3-subunit-IR were observed during postnatal ontogeny, pointing to a widespread expression of these subunits at every developmental stage. Still, an increase in /32,3-subunit staining was observed in striatum, pallidum, substantia nigra, cerebellum and brainstem reticular formation (Fig. 3) . Conversely, the /32,3-subunit staining gradually disappeared in specific nuclei after the first postnatal week, particularly in the reticular nucleus of the thalamus and in the superior and the inferior olivary complexes (Fig. 3) . The distinct maturation patterns of the subunits examined here point to structural modifications of major GABA,-receptor subtypes during postnatal development.
The specificity of the immunohistochemical staining was based on the extensive biochemical and immunohistochemical characterization of the respective antibodies (Schoch et al., 1985; Richards et al., 1987; Benke et al., 1991a,b; Gao et al., 1993; Marksitzer et al., 1993) . In addition, the reaction of the al-and ot2-subunit antibodies was abolished in both neonatal and adult brain sections following preincubation of the antisera with their respective peptide antigens (l-10 &ml) or replacement with nonimmune serum (not shown).
Switch in (YI-and cu2-subunit immunoreactivity At birth, the (Y 1 -subunit-IR was mostly restricted to brainstem, notably at mesencephalic levels, basal forebrain, and olfactory areas. In these regions, numerous strongly immunopositive neuronal cell bodies and dendrites could be observed, as well as a diffuse staining of the neuropil, which predominated in the tecturn and olfactory cortex. In addition, a faint 011 -subunit-IR was observed in cerebellum (Purkinje cell layer), and in the presumptive primary somatosensory and visual areas of cerebral cortex ( Fig. 1) . During the first postnatal week, the (Y 1 -subunit-IR gradually became apparent in most brain regions. The main exceptions were the thalamus, which became stained only after P6, and the striatum and olfactory bulb granule cell layer, which appeared unstained at every age examined. The staining intensity increased rapidly after P6, resulting in the formation of the adult pattern by P20 (Fig. 1) . In contrast to this increase in alsubunit expression, the a2-subunit-IR was strong at PO throughout the brain, in particular in those regions devoid of a 1 -subunit staining (Fig. 2) . During postnatal development the a2-subunit staining decreased in many areas (Fig. 2) , first in the mesencephalon and hypothalamus, and during the second and third postnatal weeks in thalamus, pallidum, and medulla. In the adult, these brain regions were largely devoid of Lu2-subunit-IR, whereas staining remained intense in regions exhibiting little (Y 1 -subunit-IR.
The developmental switch in the expression of the cul-and a2-subunit-IR was particularly evident in thalamus (Fig. 4) , and pallidum ( Fig. 5) , where the a2-subunit-IR was initially very prominent and was gradually replaced by the (Al-subunit-IR. Thus, in most brain areas, the cY2-subunit-IR was expressed only transiently during development, being replaced by the (~1 -subunit-IR. In the few regions that are devoid of cul-subunit-IR, the cY2-subunit was either never expressed (e.g., reticular nucleus of the thalamus or superior olivary complex; see Fig. 2 ) or it was intense at every age examined (e.g., striatum, olfactory bulb granule cell layer).
On the cellular level, individual neurons could be easily distinguished by their staining on the soma and dendrites, notably in olfactory bulb, basal forebrain, pallidum, and brainstem. In thalamus, striatum, and cerebral cortex, the staining appeared diffuse, being more intense in the neuropil than in cell bodies. The disappearance of the cY2-subunit-IR during development affected all immunoreactive neurons in a given region and was not due to a loss of staining in a subset of cells (see Figs. 4, 5) . In regions where individual neurons could be well distinguished, the loss of immunoreactivity was first confined to dendrites and in a second phase staining disappeared from cell bodies. Conversely, the increase in O( 1 -subunit-IR corresponded to the appearance of staining, first faint and gradually more intense, on most cells present in a given nucleus (Figs. 4, 5) .
In general, the increase in cy 1 -subunit-IR preceded by several days the decrease in cy2-subunit staining, resulting in the coexpression of both subunits during a limited time window. In the mesencephalon, coexpression of the (Y 1-and cY2-subunit-IR was seen between birth and P4 (Figs. 1, 2) ; in the pallidurn, coexpression extended from Pl to PlO (Figs. 1, 2, 5) and in thalamus (ventrobasal complex) from P6 to P14 (Figs. 1, 2, 4) . To determine whether this transient coexpression on the regional level corresponded to the coexistence of subunits within individual neurons, sections processed for double-immunoflu- Figure 3 . Stable expression of the @2,3-subunit-IR during postnatal development, as visualized in parasagittal sections processed for immunoperoxidase staining. Most brain regions were moderately to intensely stained at every age. An increase in staining intensity was evident in striatum, resulting in the disappearance of the patchy staining seen at PO and P4, and in pallidum. In addition, the j32,3-subunit-IR increased dramatically in cerebellum, forming at each age a pattern very similar to that seen for the cul-subunit-IR (Fig. 1) . Also note the transient @2,3-subunit-IR in the superior olivary complex (long arrows) and reticular nucleus of the thalamus (short arrows). In both nuclei, the prominent staining seen during early development had disappeared by P20. Scale bars, 1 mm. Figure 4 . Developmental switch in the expression of the (Y 1-and cu2-subunit-IR in thalamus between birth (PO) and P20, as visualized in parasagittal sections processed for immunoperoxidase staining. The massive increase in al-subunit-IR observed between PI0 and P20 was paralleled by a nearly complete loss of cY2-subunit-IR. At PIO, staining for the cul-subunit was weak and confined to the ventrobasal complex (I%); a rapid increase leading to the adult pattern occurred during the third postnatal week. Similarly, the decrease in cu2-subunit-IR took place mostly between PI0 and P20. Note that the reticular nucleus (Rt) was unstained with both antisera at every age examined. LD, laterodorsal nucleus. Scale bars, 200 pm. Figure 5 . Comparative developmental maturation of the crl-and a2-subunit-IR in the striatum (CPU) and globus pallidus (GP), as visualized in parasagittal sections processed for immunoperoxidase staining. The striatum remained largely devoid of al-subunit-IR at every age examined, whereas the cY2-subunit-IR increased gradually to reach adult levels by P20. In the globus pallidus, the (Al-and LuZ-subunit-IR exhibited opposite maturation patterns, leading to a switch in subunit expression similar to that seen in the thalamus (Fig. 4) . Whereas only one of the subunits was present at birth (~2) and at P20 (cul), both subunits were observed around P6, exhibiting very similar staining patterns. Scale bar, 50 pm. , " Figure 6 . Colocalization of the a: 1-and a2-subunit-IR within individual neurons in the globus pallidus, as visualized by confocal laser microscopy in a section processed for double-immunofluorescence staining. In these video images, intense staining appears white. Note that both subunits exhibit very similar distributions in the plasma membrane of positive cells (arrowheads). Scale bar, 20 pm.
orescence staining with the cul-and cu2-subunit antisera were analyzed by confocal laser microscopy. This analysis revealed an extensive colocalization of the (Y 1-and cu2-subunit-IR within most neurons of the globus pallidus (Fig. 6) ventral pallidum, thalamus, tectum, brainstem reticular formation, and deep cerebellar nuclei. Moreover, on the subcellular level, both subunits exhibited nearly identical staining patterns, suggesting that they were colocalized in the plasma membrane (Fig. 6) . Since only the Cal-subunit-IR could be still detected at later stages, our observations suggest a switch between receptors containing the (u2-and al-subunit in these neurons.
Colocalization of the a2-and p2,3-subunits
The major characteristic of the /32,3-subunits-IR was its widespread occurrence throughout the brain at every age examined (Fig. 3) . During the first postnatal week, the distribution of the /32,3-subunit-IR was very similar to that of the cu2-subunit, with most brain regions exhibiting an intense staining for both types of subunits (Figs. 2, 3) whereas at later stages, following the decrease in cr2-subunit staining, co-expression was restricted to specific regions, which include the olfactory bulb, striatum, hippocampus, superficial layers of cortex and of superior colliculus. In the latter areas, the maturation of the (~2-and /32,3-subunits was strikingly similar, suggesting that it may be coordinated within individual neurons. For instance, in the striatum, the (~2-and @2,3-subunit-IR transiently formed a mosaic of intensely immunoreactive patches surrounded by weakly stained areas (Figs. 1, 2, 7) . The patches were stained for each of these subunits, most prominently between PO and P6 and disappeared gradually thereafter, as the staining became uniform throughout the striatum (Figs. 2, 3) . Furthermore, high-resolution confocal laser microscopy revealed that the patches contained numerous intensely immunoreactive neurons and dendrites (Fig. 7) and were surrounded by weakly stained cells. These observations suggest a differential maturation of GABA, receptors in distinct compartments of the striatum, which may correspond to the patch and matrix architecture of the adult nucleus (Gerfen et al., 1987) .
On the cellular level, colocalization of the a2-and ,62,3-subunits was analyzed by double-immunofluorescence staining in two different situations (Fig. 8): (1) in regions where the (r2-subunit is expressed only transiently and (2) in regions where the cu2-subunit is expressed throughout development. In the first case, an extensive coexistence of the (u2-and P2,3-subunits was observed within most neurons of the globus pallidus, thalamus, tectum, and deep cerebellar nuclei, before the onset of cr 1 -subunit staining. As illustrated for the thalamus of a P6 rat (Fig.   SA) , the coexistence of the (~2-and P2,3-subunits was evident in the soma and dendrites of most neurons, suggesting coassembly in the plasma membrane. At later stages, the Lu2-subunit-IR disappeared and the P2,3-subunits became colocalized with the al-subunit (see following section). In the second case, colocalization of the (~2-and @2,3-subunits was observed at every developmental stage in olfactory bulb granule cells, dentate gyrus granule cells and hippocampal pyramidal cells (Fig. 8B) . These findings suggest that the subunit combination (w2/@2,3 may be commonly expressed in immature brain, whereas in the adult brain it may be restricted to specific neuronal populations. In the adult brain, only a few regions were devoid of staining for bd-17, which include the reticular nucleus of the thalamus, Figure 7 . Patchy distribution of the (u2-and P2,3-subunit-IR in the striatum of juvenile rats. A, Immunoperoxidase staining for the LuZ-subunit in a PO rat, showing the distribution of patches surrounded by weakly stained areas. B, Immunofluorescence staining for the @2,3-subunits, visualized by confocal laser microscopy (P4 rat). In this high-resolution video image, numerous strongly stained (white) neurons and dendrites are seen forming a patch of intense immunoreactivity. Scale bars: A, 50 rm; B, 25 pm. the superior olivary complex and the inferior olivary complex (Fig. 3) . Interestingly, these regions were transiently stained during development (Figs. 3, 9 ). In the reticular nucleus of the thalamus; bd-17 staining became apparent between PO and P6 and decreased thereafter to disappear in adult brain (Fig. 3) . By contrast, in the inferior olivary complex, @2,3-subunit staining was already very strong at PO, persisted as such during the first postnatal week and disappeared thereafter. After P20, the inferior olive appeared virtually devoid of immunoreactivity (Fig.  9) . The P2,3-subunit staining in the inferior olive during the first postnatal week was the most intense one throughout the brain at any age examined, pointing to a very prominent expression of these subunits at early developmental stages.
Colocalization of the al -and 02,3-subunits In the adult rat brain, the (Al-and P2,3-subunits are extensively colocalized within individual neurons and are presumably coassembled in a majority of GABA, receptors (Benke et al., 199 lb; Fritschy et al., 1992) . To determine when these subunits became colocalized during development, sections from various ages were processed for double-immunofluorescence staining and analyzed by confocal laser microscopy. These studies revealed an extensive coexistence of the al-and /32,3-subunits in individual neurons of juvenile rat brain, in regions such as olfactory bulb (mitral cells), basal forebrain, cerebral cortex, tectum, brainstem, and cerebellum. On the subcellular level, colocalization of these subunits gave rise to nearly identical staining patterns, as illustrated in Figures 10 and 11 .
In regions exhibiting a restricted (Al-subunit-IR but a widespread P2,3-subunit-IR, such as the hippocampus (Fig. 12 ) staining for the /32,3-subunits was also observed in neuron populations lacking the al-subunit. While a prominent signal was seen with bd-17 on the soma and dendrites of pyramidal cells and dentate gyrus granule cells, colocalization with the cul-sub- Figure 8 . Colocalization of the u2-and @2,3-subunit-IR, as visualized by confocal laser microscopy in sections of a P6 rat processed for doubleimmunofluorescence staining. A, In the ventrobasal complex of thalamus, where the cy2-subunit is only transiently expressed, numerous neurons (large arrowheads) and their proximal dendrites (small arrowheads) are double labeled at this age. In the neuropil, the distribution of either subunit was too diffise to assess colocalization on distal dendrites. B, In the CA1 region of the hippocampus, colocalization of the (r2-and j32,3-subunits is evident on the somata of pyramidal cells (large arrowheads) and on their apical dendrites (small arrowheads). In the stratum oriens (SO) and stratum radiatum (SR) an intense and diffuse staining can be seen for each subunit. Scale bars, 25 pm. . Transient expression of the @2,3-subunits in the inferior olivary complex, as visualized in parasagittal sections processed for immunoperoxidase staining. A very intense immunoreaction was observed at PO and P4, which decreased thereafter and became faint at P20. Note the gradual increase in fi2,3-subunit-IR in the reticular formation, dorsal to the inferior olive. Scale bar, 100 pm. Figure IO . Colocalization of the (Y 1 -and j32,3-subunit-IR, as visualized by confocal laser microscopy in sections of P4 rats processed for doubleimmunofluorescence staining. A, In olfactory bulb, colocalization was evident in glomeruli (GI), external plexiform layer (EPZ) and mitral cell layer (Mi) (large arrowheads); in addition, staining for the @2,3-subunits only was observed in the periglomerular area (arrows) and in granule cells (small arrowheads). B, In cerebral cortex layer III, both subunits exhibited very similar staining patterns, notably on the soma of pyramidal cells (arrowheads). Scale bars: A, 25 pm; B, 20 pm. Figure I I . Colocalization of the al-and @2,3-subunit-IR, as visualized by confocal laser microscopy in sections processed for double-immunofluorescence staining. A, In cerebellum (PI0 rat), both markers decorated the soma and dendrites of Purkinje cells, revealing their morphology in considerable detail. Note their nearly identical distribution on the subcellular level. Colocalization was also seen in the internal granule cell layer (IGI), although staining was more intense for the 82,3-subunits than for the al-subunit. The external germinal layer (EGZ) was devoid of immunoreactivity for either subunit. 4401, molecular layer of the cerebellum. B, In spinal trigeminal nucleus, pars caudalis (P6 rat), nearly identical staining patterns were observed, pointing to an extensive colocalization of the cwl-and @2,3-subunits. Scale bars, 25 pm. Figure 12 . Differential distribution of the (Al-and @2,3-subunits in the hippocampus, as visualized by immunoperoxidase staining in a P4 rat. Intense staining for the @2,3-subunits was evident throughout the hippocampus, decorating the somatic and dendritic layers, particularly the stratum oriens of the CAl-CA3 areas and the molecular layer ofthe dentate gyrus. By contrast, the Cal -subunit-IR was most prominent in isolated intemeurons in the CA3 region and was only weak in the dendritic layers of principal cells. Scale bar, 100 pm.
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unit was restricted to a population of multipolar cells, presumptive interneurons (Fig. 13) . This pattern was seen at various postnatal ages and persisted into adulthood (Gao and Fritschy, 1994) . Thus, in combination with our observations about the colocalization of the a2-and P2,3-subunits (Fig. 8B) , these results suggest that the subunit composition of GABA, receptors expressed by hippocampal pyramidal cells does not change during ontogeny, at least with respect to the subunits analyzed in this study.
Restricted glial cell localization of GABA,-receptor subunits In sections processed for immunofluorescence staining and analyzed by confocal laser microscopy, no evidence was found for a localization of the cul-, a2-, or P2,3-subunits in glial cells in telencephalon, diencephalon, and brainstem at any time point during postnatal development. In cerebellum, however, staining for the cu2-subunit was transiently observed in Bergmann glial cells between P4 and P20, as reported elsewhere (Muller et al., 1994) . Double-immunofluorescence staining with glial fibrillary acid protein (GFAP) confirmed that the ol2-subunit-IR was localized in Bergmann glial cells (Muller et al., 1994) . In all other brain regions examined, GABA,-receptor subunits were never colocalized with the astrocytic markers S-loop, vimentin, and GFAP in individual cells, as analyzed in double-immunofluorescence staining experiments (not shown), thus confirming the neuronal localization of GABA, receptors in developing brain.
Area-specific maturation of GABA,-receptor subunits The topographical specificity of the changes in subunit-IR were most striking in cerebral cortex and in the somatosensory system. In neocortex, the maturation of the cul-and Lu2-subunits was area-and layer-specific, thereby revealing the presumptive borders of certain cortical areas as early as PO. In particular, primary visual (Vl) and somatosensory (Sl) areas exhibited a distinct a 1 -subunit-IR at birth, whereas intervening areas were largely unstained. During the first postnatal days, the (Y 1 -subunit staining increased in layers III-IV of S 1 and V 1, clearly delineating these areas from adjacent cortical territories (Fig. 1) . The specificity of the distribution was such, that in Sl the arl-subunit-IR revealed the organization of the mystacial barrel field by an intense staining of individual barrels (corresponding to single whiskers) between P3 and P 10 (Fig. 14A) . Thereafter, the increase in 011 -subunit-IR throughout the cerebral cortex gradually blurred the delineation of individual areas and at P20, staining was uniform across cortical layers and areas (Fig. 1) . By contrast to the al-subunit, the a2-subunit-IR was intense and uniform across the cortical plate at PO (Fig. 2) . At P2, staining was confined to the outer half of cortex and at P4-P6, a prominent band was seen in layer IV (Fig. 2) . During the second postnatal week, the ol2-subunit-IR decreased in layer III of S 1 and V 1, thereby producing a pattern complementary to that seen for the al-subunit (Fig. 15) . After P14, the decrease in a2-subunit-IR was also apparent in the remaining areas, as well as in layer IV. The a2-subunit-IR did not disappear entirely from neocortex, and a moderate staining, largely confined to the supragranular layers, could be observed in sections from P20 (Fig. 2) and adult brain.
In subcortical relay stations of the somatosensory system (i.e., trigeminal sensory nucleus and ventrobasal complex of the thalamus), the staining pattern of the GABA,-receptor subunits examined outlined transiently the somatotopic representation ofthe mystacial vibrissae. Thus, in the spinal trigeminal nucleus pars caudalis, neurons intensely stained for the a! 1 -subunit formed cylindrical structures corresponding to the five rows of whiskers (Fig. 14B) . This pattern could be observed between birth and PlO, and disappeared thereafter, as the staining decreased. In the adult, only a few isolated (Y 1 -subunit-positive neurons were seen in the trigeminal complex. In the ventrobasal complex of the thalamus, barreloids, corresponding to individual rows of whiskers, were outlined by the a2-subunit-IR between P2 and P6, and thereafter by the cul -subunit staining, although the latter remained faint at least until PlO (Fig. 4) . The P2,3-subunits also exhibited transiently a modular distribution in the somatosensory system, though less distinct than that observed for the (Y land ol2-subunits (not shown).
Discussion
The present results demonstrate that GABA, receptors present in neonatal and adult brain differ in subunit composition, as shown by the differential maturation of individual subunits. The expression of receptors containing the ~yl -subunit increases markedly throughout most of the brain during postnatal development, whereas receptors containing the cuf-subunit disappear from many areas shortly after the onset of al-subunit expression. The decrease in Lu2-subunit staining and its replacement by the al-subunit occurs on the level of individual neurons, as revealed by confocal laser microscopy. Both types of receptors are associated with the P2,3-subunits, which show a prominent and widespread expression at every age examined. Thus, the switch in the expression between the cul-and (r2-subunits may correspond to the existence of molecularly distinct GABA,-receptor subtypes in perinatal and adult brain.
Developmental switch in GABA,-receptor subtypes The changes in GABA,-receptor subunit expression reported here are well supported by in situ hybridization histochemistry studies and Western blot analyses, which demonstrate a high expression of the ~y2-, (~3-, LYE-, @3-, and y2-subunits in neonatal brain (Fuchs and Sieghart, 1989; Sato and Neale, 1989; Gambarana et al., 1990 Gambarana et al., , 1991 Vitorica et al., 1990; MacLennan et al., 1991; McKeman et al., 1991a; Zhang et al., 1991 Zhang et al., , 1992 Araki et al., 1992; Laurie et al., 1992; Poulter et al., 1992 Poulter et al., , 1993 . These studies also showed a postnatal increase in al-subunit expression, indicating that the lack of cy 1 -subunit-IR in neonatal brain reflects low levels of this subunit and is not due to a change in antigenicity during development. It is of notice that we detected a distinct al-subunit staining at PO in regions, such as cerebral cortex, where only low mRNA signals have been reported (Gambarana et al., 1990, 199 1; MacLennan et al., 199 1; Poulter et al., 1992) . This suggests that protein levels sufficient to be detected immunohistochemically are rapidly formed following the onset of mRNA expression. Similar observations in other brain regions, such as thalamus for example, indicate a close parallel between the onset of mRNA expression and protein formation. With its higher resolution on the cellular level as compared to in situ hybridization, immunohistochemistry appears thus as a sensitive tool for analyzing the maturation of GABA,-receptor subunits in developing brain. Neonatal brain contains high levels of functional GABA, receptors, as shown autoradiographically, immunohistochemitally and biochemically (Candy and Martin, 1979; Schlumpf et al., 1983; Kellogg and Pleger, 1989; Huntley et al., 1990; Cobas et al., 199 1; Fiszman et al., 1993 ) (see introductory remarks). Our results suggest that receptors containing the cr2-subunit, SR SP so SR SP so together with the p2-and/or /33-subunits, are distributed on numerous neuron populations throughout the neonatal brain. Since neonatal receptors contain benzodiazepine binding sites (Schlumpf et al., 1983) , they are also expected to contain the y2-or y3-subunit (Pritchett et al., 1989b; Knoflach et al., 199 1) . Thus, the subunit combination (u2/P2,3/y2 may represent a preponderant GABA,-receptor subtype expressed by most neurons in neonatal brain. This is in contrast to the adult brain, in which the subunit combination c~ll/32,3/r2 is the most prevalent, as shown biochemically on crude membrane preparations (Benke et al., 1991a,b) . Therefore, the subunit composition of GABA, receptors in adult brain is distinct from that in neonatal brain.
The changes in QI 1 -and cu2-subunit-IR observed here during development strongly suggest a replacement of GABA, receptors containing the cu2-subunit by receptors containing the arlsubunit in a majority of neurons. The transient colocalization of the Cal-and a2-subunits in neurons, which in the adult are devoid of cu2-subunit staining, indicates that both receptor subtypes may be coexpressed within individual cells at early postnatal stages. Therefore, the gradual disappearance of the (u2-subunit staining during development appears to be due to the downregulation of a receptor subtype, but cannot be attributed to neuron death. Staining for the cu2-subunit remains intense in a few regions of adult brain, for example, striatum, hippocampus, superficial cortical layers and olfactory bulb granule cell layer. With the exception of cortex and hippocampus, these regions are largely devoid of (Y 1 -subunit and may therefore express receptors containing the ol2-subunit in both perinatal and adult brain. However, since several other subunits (e.g., (r3, (US, 73) are developmentally regulated (Laurie et al., 1992; Poulter et al., 1992 Poulter et al., , 1993 , more complex alterations in the subunit composition of GABA,-receptor subtypes may be expected to occur during ontogeny.
The developmental changes in the subunit composition of GABA, receptors demonstrated here are in line with pharmacological studies revealing a differential ontogeny of benzodiazepine type I and type II receptors (Candy and Martin, 1979; Lippa et al., 198 1; Chisholm et al., 1983) . The high abundance of BZ II receptors in perinatal brain reflects the prominent expression of receptors containing the ot2-subunit, whereas the delayed appearance of BZ I sites (Lippa et al., 1981; Chisholm et al., 1983) corresponds well with the developmental pattern of receptors containing the cul-subunit. By showing that individual neurons express different types of GABA, receptors during development, our results indicate that they may be differentially responsive to benzodiazepine receptor ligands at various stages of ontogeny.
Since bd-17 recognizes both the p2-and @3-subunits, the developmental maturation of these P-subunit proteins is not well defined. In particular, differential changes in the expression of the p2-and @3-subunits, similar to those observed here for the (Al-and cY2-subunits, may have been masked by the covisualization of these subunits with bd-17. In.situ hybridization studies provide no clarification on this point. While some ret The Journal of Neuroscience, September 1994, 14(9) 5319 ports described both @2-and P3-subunit mRNAs highly expressed at birth in certain brain regions (Gambarana et al., 199 1; Poulter et al., 1993) , other studies observed a postnatal increase in P2-subunit mRNA similar to that of the al-subunit mRNA (Zhang et al., 1991; Laurie et al., 1992) . Thus, bd-17 staining in neonatal brain may correspond mostly to the presence of the /33-subunit.
Significance of the transient expression of subunits Developmental alterations in the structure of GABA, receptors may affect their signal transduction properties to accommodate different functional properties. In view of the paucity of synapses in perinatal brain (Aghajanian and Bloom, 1967; Blue and Parnavelas, 1983b) , the effects of GABA are expected to be mediated nonsynaptically, possibly through release from growth cones (Taylor and Gordon-Weeks, 1989; Taylor et al., 1990) . GABA-induced currents in neonatal neurons show little desensitization (Cherubini et al., 1990) , suggesting an enhancement of the effects of GABA relative to mature neurons. Therefore, GABA, receptors in neonatal brain may be characterized by a greater responsiveness to GABA as compared to those in the adult brain. In addition, GABA has been shown to exert an excitatory action in immature neurons, leading to Caz+ influx via voltage-sensitive Ca *+ channels (Cherubini et al., 199 1; Yuste and Katz, 1993) . This excitatory action of GABA, which may underlie its postulated neurotrophic role (see Cherubini et al., 199 1; Meier et al., 199 1, for review), shifts gradually towards an inhibitory action, probably following a change in the Clgradient across the plasma membrane. Our results are compatible with the hypothesis that these distinct roles of GABA are mediated by different receptor subtypes.
The prominent expression of the P2,3-subunits during postnatal development indicates that these subunits are present to a similar extent in both perinatal and adult GABA, receptors. A recent study suggested that the P-subunits may be involved in the intracellular sorting of receptors, as evidenced for recombinant receptors transfected in cultured epithelial cells (PerezVelazquez and Angelides, 1993) . It is therefore conceivable that the &subunits are required for establishing the subcellular distribution of GABA, receptors in both developing and adult neurons. The transient staining for the @2,3-subunits in certain regions, notably in the inferior olive, indicates that their expression may be adjusted during neuronal maturation. For instance, alterations in the expression of the P3-subunit mRNA observed perinatally in the inferior olive have been suggested to correlate with the phase of refinement of synaptic connections between olivary neurons and cerebellar Purkinje cells (Frostholm et al., 1992) .
The existence of distinct embryonic and adult types of receptors differing in subunit composition and functional properties has been demonstrated for other members of the ligand-gated ion channel family, such as the nicotinic ACh-receptor (Witzemann et al., 1987; Daubas et al., 1990 ) and the glycine-receptor (Betz, 199 1; Malosio et al., 199 1) . For both receptor types, the Figure 13 . Partial colocalization of the crl-and 82,3-subunits in the hippocampus, as visualized by confocal laser microscopy in sections processed for double-immunofluorescence staining. A, in the CA3 area of a P6 rat, an intense 82,3-subunit-IR decorated the soma and dendrites of both pyramidal cells and nonpyramidal cells. Colocalization with the al-subunit was apparently restricted to nonpyramidal cells. B, In the CA1 region (P14 rat), a similar pattern was apparent, although the intense P2,3-subunit-IR largely masked the staining of the nonpyramidal cell (arrowheads). In addition, a faint al-subunit-IR became visible in SO and SR. Scale bars, 25 pm. fetal and adult forms differ in channel kinetics, with a shortening of the open time in the adult receptor (Sakmann and Brenner, 1978; Takahashi et al., 1992) . These observations raise the possibility that a similar developmental change takes place for the GABA, receptor. Furthermore, evidence is rapidly accumulating for a developmental regulation of the subunit composition of NMDA receptors in vivo (Carmignoto and Vicini, 1992; Burgard and Hablitz, 1993; Marti et al., 1993; Williams et al., 1993) .
GABA,-receptor maturation and onset of synaptic inhibitory transmission
The developmental expression of the (Y 1 -subunit correlates well with the degree of maturation of individual neuron populations. For instance, al -subunit expression in neonates is restricted to brain regions that differentiate prenatally, for example, brainstem and olfactory bulb. The (Y 1 -subunit may thus represent a hallmark of receptors engaged in synaptic functions and serve as a marker to study their development. As discussed above, the onset of 011 -subunit expression corresponds to the appearance of a new GABA,-receptor subtype in maturing brain. Furthermore, the disappearance of receptors containing the a2-subunit coincides with the period of synaptogenesis, indicating that the a2-subunit expression may be downregulated by inhibitory synaptic activity. A major question is whether the maturation of synaptic GA-BA, receptors precedes or follows the formation of inhibitory synapses. In their analysis of synaptogenesis in the granule cell layer of the cerebellum, Meinecke and Rakic (1990) concluded that GABA, receptors are expressed after the formation of synaptic connections from Golgi type II interneurons. By contrast, our data provide several examples in which the expression of GABA, receptors containing the (Y 1 -subunit precedes by several days the maturation of GABAergic presynaptic elements. For instance, the prominent (Y 1 -subunit staining in neurons of layer IV of somatosensory and primary visual cortex contrasts with the delayed appearance of GABA immunoreactive terminals in this layer (Del Rio et al., 1992) . Similarly, Purkinje cells express the al-subunit-IR early as PO, that is, several days before GABAergic connections from cerebellar interneurons are established (Altman, 1972a,b; McLaughlin et al., 1975) . Therefore, the maturation of synaptic GABA, receptors may precede the formation of inhibitory synapses, at least in certain regions.
The area-specific upregulation of the al-subunit-IR in neocortex, first seen in primary somatosensory and visual areas, does not correspond to the known rostral-caudal, medial-lateral gradients of cortical neurogenesis and synaptogenesis (Smart and Smart, 1982; Bayer and Altman, 199 1; Voigt et al., 1993) . Moreover, the upregulation of the (~1 -subunit-IR is first seen in the developing layers III-IV and does thus not follow the insideout pattern of layer generation and neuronal maturation of the cerebral cortex (Miller, 1986 (Miller, , 1988 Bayer and Altman, 1991) . Rather, the early appearance of the (Y 1 -subunit-IR in primary sensory areas points to the existence of area-specific patterns of receptor maturation. These observations suggest that the formation of inhibitory circuits may be regulated independently in different cortical areas.
In addition to neocortex, area-specific changes in GABA,-receptor subunit expression were also observed in striatum and in subcortical relay stations of the somatosensory system. This suggests that receptor maturation is coordinated among functionally related sets of neurons. The level of GABA,-receptor expression between neighboring neurons may thus be regulated by activity-dependent mechanisms. Since a somatotopic distribution of GABA,-receptor subunits is apparent in the somatosensory system as early as PO, a functional parcellation is likely to take place prenatally. In striatum the mosaic formed by the a2-and /32,3-subunits staining in neonatal brain is very similar to the striatal islands formed by dopaminergic afferent fibers (Olson et al., 1972) believed to reflect the patch and matrix compartmentalization ofthe striatum (Gerfen et al., 1987) . This pattern may thus point to a differential maturation of GABA,-receptor subunits in functionally distinct striatal compartments. These observations underscore the potential usefulness of GA-BAA-receptor subunit-IR to monitor the emergence of modular brain structures and to study mechanisms involved in the functional parcellation of neuronal systems during ontogeny.
